The complete range of published sequences for riboaomal RNA (or rDNA), totalling well over 50,000 bases, has been used to derive refined models for the secondary structures of both 16S and 23S RNA from E_. coli. Particular attention has been paid to resolving the differences between the various published secondary structures for these molecules. The structures are described in terms of 133 helical regions (45 for 16S RNA and 88 for 23S RNA). Of these, approximately 20 are still tentative or unconfirmed. A further 20 represent helical regions which definitely exist, but where the detailed base-pairing is still open to discussion. Over 90 of the helical regions are however now precisely established, at least to within one or two base pairs.
INTRODUCTION
The derivation of accurate secondary structure models for ribosomal RNA is a vital step towards reaching an understanding of the three-dimensional organisation and function of these molecules. In the case of the Escherichia coli ribosome, three research groups have independently proposed secondary structures for both the 16S (1) (2) (3) and the 23S (4) (5) (6) RNA, the models being based on various types of experimental evidence, combined with comparative studies (cf. 7) using sequence data from other organisms. Although the latest versions of the models (1) (2) (3) (4) (5) (6) agree with one another to a very substantial extent, there are nevertheless a number of differences between them, some trivial and some important, and these differences were summarized in a recent review article from our laboratory (8). Since that time, several new rDNA sequences have appeared in the literature (see Table 1 below), and the number of residues in completed rRNA or rDNA sequences now totals well over 50,000
bases. In this paper we have made use of all the available sequence data to refine our models for the secondary structure of both 16S and 23S RNA from E_. coli, with particular emphasis on resolving as far as possible the differences between the various models cited above. Table 1 lists the published sequences of ribosomal RNA or DMA which have been considered in this study. In addition, the sequence of 28S rDNA from X. laevis has recently been completed (S. Gerbi, personal communication) . Two other sequences, that of Bacillus brevis 16S rDNA (1) and that of Bacillus stearothermophilua 23S rDNA (6) , have also been used to derive secondary structure models (1, 6) , but the sequences themselves have not to our knowledge been published and therefore could not be taken into account.
RESULTS AMD DISCUSSION
When any one of the sequences listed in Table 1 is compared with the 16S or 23S RNA of E_. coli, as appropriate, four categories of sequence region can be distinguished. Firstly, there are short regions of highly conserved primary structure, which serve to locate the "comparing" sequence (cf. Table 1) precisely with respect to the E. coli sequence. Secondly, there are doublehelical regions in which the comparing sequence shows compensating base changes with respect to the E_. coli sequence (e.g. an A-U base pair in E_. coli becomes a G-C pair in the comparing sequence) . The majority of the secondary structural elements fall into this category, and it is important to note that in the refined models described below the helical elements of the comparing sequence can in such cases be superimposed base-for-base upon the corresponding elements of the E_. coli structure. This contrasts with several of the published secondary structure models for the various sequences (Table 1) or our own earlier models (e.g. 3) , where similar but not necessarily superimposable structural elements were often drawn for the comparing sequences.
The third type of sequence region comprises a minority of helical elements where the evidence is conflicting. That is to say some comparing sequences support the proposed helical element with compensating base changes, whereas others are contradictory with mis-matching base changes. In such cases the correct structure is still open to discussion. The fourth and final category consists of those sequence regions where major deletions or insertions occur between the RNA molecules of the different size classes (12S-18S in the small subunit, 16S-28S in the large subunit, Table 1, and cf. refs. 3, 4, 30) . Since our interest is focussed on the E_. coli RNA, we have only considered these highly variable regions in this study insofar as they provide information relevant to the 16S and 23S structures.
In the following sections the status of each helical element in the 16S and 23S RNA secondary structures is given in the form of an extended " Table" for each of the two moleculea, and we use the following terminology. The (1, 6) are for convenience referred to as the "american", those of Ebel and his group (2, 5) as the "french", and ours (3, 4) as the "german" versions of the structures. "Undisputed and reconfirmed" means that the structural element concerned was in all three models (1-3, or 4-6) , and that the new sequence data provide further confirmatory evidence in the form of compensating base changes. In cases where a helical element or part of one was disputed between the models, the refined version of the element is designated "confirmed" or "preferred", according as to whether the data are now unequivocal or still to some extent ambiguous (cf. the foregoing discussion). Sets of base pairs in hairpin loops are referred to as "distal" or "proximal" to the closed end of the hairpin, whereas in more complex helical regions they are either described in terms of their orientation in the various Figures (e.g. "right-hand, central, left-hand", or "upper, lower") , or are denoted by the numerical positions of Che bases in the £. coli sequence. The term "compensating base change" is abbreviated to "CBC". "One-base slippage" means that the equivalent base--Sgf^p Figure 1 : The previous secondary structure model of E. coli 16S RNA (3). The sequence is divided into three domains (a to c), and is numbered from the 5'-end (every 50 bases, with a stroke at every 10th base). The bars denote base pairs (A-U, G-C and G-U not being distinguished). The helices are numbered, and are discussed individually in the text. Differences in base-pairing between this model and the american (1) and french (2) models are indicated by the boxed-in regions, dotted lines indicating minor differences and solid lines major differences (see text). Arrows (e.g. interactions 2, 38) denote helices proposed in the other models (1, 2) . pairing in the comparing sequence is achieved by displacing one of the strands by one base. THE MODEL OF 16S RNA Figure 1 shows our previous model of 16S RNA (3) in skeleton form, and indicates the major and minor discrepancies in relation to the american (1) or french (2) versions (cf. ref. 8) . Minor discrepancies we define as extra or modified base-pairings at the proximal ends of hairpin loops, or other small differences which would not seriously influence the overall three-dimensional topography of the molecule. Major discrepancies on the other hand are those which would affect the overall topography. Figure 2 shows the refined version of the structure, which has for graphical convenience been condensed into two rather than three domains; the numbering of the helical elements is however identical to that in Figure 1 . In Figure 3 , some examples are shown of the actual sequence comparisons on which our structural assignments are based. (It should be noted that the position numbers given for the comparing sequence regions in Figure 3 correspond to those in the respective publications ( Table 1) ).
" Figure 2: The revised secondary structure model of 16S RNA. The sequence is divided into two domains (A and B), and the bases are numbered as in Fig. 1 . Solid bars denote G-C or A-U base pairs, broken bars G-U pairs. The helix numbers correspond to those of Fig. 1 ; Helix 19 is a special case (see text).
HELIX 1: The german interaction (absent in the other models) is confirmed.
CBC's are found in all 12S and 18S RNA's, and also in H. volcanii and S. cerevisiae mitochondrion (see Fig. 3 for example).
HELIX 2: The american interaction (absent in the other models) is confirmed.
CBC's are found in many organisms (see Fig. 3 for example). Helices 1 and 2 are both shown in Fig. 2A , but model-building studies will be required to establish to what extent they can co-exist. Opening up of the loop-end proximal base pair in helix 1 (usually a G-U pair) would probably be sufficient to allow helix 2 to form. HELIX 3 is undisputed and re-confirmed. (Fig. 1a) , but the latter is not included in the revised model (see below).
HELIX 6: The german version is confirmed. The proximal 10 base-pairs are confirmed in many organisms (although the loop end is partially deleted in some chloroplasts and in Ana. nidulans), and the distal 4 base pairs are confirmed by CBS's in Asp, nidulans and S_. cerevisiae mitochondria (see Fig. 3 for example).
HELIX 7: A modified version of the french/german model is given in Fig. 2A . HELIX 8 is undisputed and re-confirmed.
HELIX 9: The german interaction (absent in the other models) is preferred.
This short helix cannot universally be formed, but is nevertheless present with CBC's in Ana, nidulans, £. reinhardii and N^. tabacum. In addition, the helix can be formed with one-or two-base slippage in some other organisms (e.g. Z. mays chloroplast (3)).
HELIX 10: The french/german version is included in Fig. 2A , but is by no means certain. The evidence for the interaction is "negative", namely that the loop is clearly deleted in Z. mays and N. tabacum chloroplasts and in Ana, nidulans (cf. helix 17 below). On the other hand, no universal loop can be drawn here for other sequences, and this appears to be a very variable region.
HELIX 11 is undisputed and re-confirmed.
HELIX 12 is undisputed and re-confirmed. HELIX 18 is undisputed and re-confirmed.
HELIX 19 is in all the models (1-3), but we have already pointed out the uncertainty of this interaction (3, 8) . In fact the sequences concerned are either conserved, or else contain base substitutions which destabilize the interaction (e.g. in the latest russian model for j>. cerevisiae 18S RNA (34), the base-pairing is reduced to 6 G-U pairs, 1 A-U, and 1 C-C mismatch). Only
Asp, nidulana shows convincing CBC's (15), but even here one base must be looped out. This topographically very important interaction has therefore been "opened up" in Fig. 2A , to emphasize the lack of confirmatory evidence.
HELIX 20 is undisputed and re-confirmed, although an occasional mis-match occurs in addition to many CBC's.
HELIX 21 is essentially undisputed and re-confirmed, the extra 2 base pairs in the german version ( HELIX 24 is undisputed and re-confirmed.
HELIX 25 is undisputed and re-confirmed, although it is noteworthy that an alternative interaction for the bases in X. laevis corresponding to 872-879 has been experimentally observed (35).
HELIX 26 is undisputed and re-confirmed. HELIX 45: The proximal 9 base pairs of this loop are undisputed and re-confirmed. The distal 4 pairs are also retained in Fig. 2B , on the grounds that they can be formed in many 16S RNA species (cf. also ref. 36).
THE MODEL OF 23S RNA
The original secondary structure model of 23S RNA (4) is given in skele-ton form in Fig. 4 , with the discrepancies between this model and the french (5) and american (6) versions being indicated as in Fig. 1 . The refined structure is shown in Fig. 5 , and this has been condensed from six into four domains, for graphical convenience as with the 16S structure in Fig. 2 . Some examples of the actual structure comparisons are shown in Fig. 6 (cf. Fig. 3 ),
and Fig. 7 illustrates some anomalous features of the model, discussed below.
In the eukaryotic 25-28S RNA molecules, it should be remembered that the 5'--region of the structure, corresponding to the first 160 bases of E_. coli 23S RNA, is formed by the 5.8S RNA (37, 4, 30) . Similarly, the 3'-region of the structure in the chloroplast RNA's is formed by the 4.5S RNA (38, 4). if the second of these GUAC sequences is paired, whereas in eukaryotes the first must be used (see Fig. 7 ). In N_. tabacum, the homology to Z_. mays shows clearly that the 3 looped-out bases corresponding to positions 521-524 are deleted, leading to a continuous helix. It is therefore not clear which GUAC sequence is involved in the pairing in E_. coli, and our version is retained in Fig. 5A in order to draw attention to this anomaly; it may well be, however, that the Z^. mays sequence is the exceptional one here.
HELIX 3 is also anomalous, and may represent a genuine "switch" situation.
CBC's are observed in most organisms both in the german version and in the french/american loop involving the same sequence (bases 484-496, see Fig. 7 for example). Again, we retain our version in Fig. 5A . (It should be noted that we were unable to correlate ¥_. primaurelia and j>. cerevisiae mitochondrial RNA satisfactorily with E_. coli in this part of the structure, as was the case with the mammalian 16S mitochondrial RNA's (4)).
HELIX 4 is undisputed and re-confirmed.
HELIX 5: The german/french version is preferred, as the helix can be formed with one-base slippage and CBC's in the chloroplasts and in j>. cerevisiae mitochondrion. (The corresponding helix in 5.8S RNA (cf. 37) is however not directly superimposable on that of E. coli, and therefore this helix, and also helix 7 below, are given "preferred" rather than "confirmed" status).
HELIX 6 is undisputed and re-confirmed.
HELIX 7: The german version is preferred. This differs from the other versions only in the absence of base pairs 83-84/99-100 (cf. Fig. 4a ), which are mismatched in Z. mays chloroplast, whereas CBC's are observed in both the distal and proximal regions of the helix. The corresponding helix in 5.8S RNA's is however not superimposable (cf. helix 5 above).
HELIX 8: The french/american version (see Fig. 5A ) is confirmed, being supported by CBC's in 5.8S RNA's.
HELIX 9 is undisputed (except that the terminal distal base pair in the german version (Fig. 4a) is sacrificed by the formation of helix 8). Direct evidence from CBC's is however not available, as the helix is very variable in length, and is deleted in the chloroplast RNA's (cf. helices 10 and 17 in 16S RNA).
HE1IX 10: The loop end corresponds to the 3'-end of 5.8S RNA and the 5'-end of 25-28S RNA, and the helix is also very variable in length. In 23S RNA, the identity of the helix is confirmed by many CBC's in Z. mays, and the slightly different german version for the two proximal base pairs (Fig. 4a, 5A ) is preferred for the same reason.
HELIX 11: The german/american version for the 5 distal base pairs is confirmed by CBC's in all organisms. The 3 proximal pairs can also be drawn in all organisms except for J3. cerevisiae cytoplasmic RNA, where a mis-match occurs.
HELIX 12 is undisputed and re-confirmed. HELIX 16* is proposed in the french and american models (see Fig. 4a ), but Figure 4 : The previous secondary structure model of E. coli 23S RNA (4). The sequence is divided into six domains (a to f), and is numbered as in Fig. 1 . Helix numbers, and differences between this model and the french (5) or american (6) models are indicated as in Fig. 1 . Helices marked with an asterisk (e.g. 44*) are those which have no counterpart in the revised structure. the primary sequence is either conserved in other organisms, or else leads to mismatched pairs with no CBC's. The helix is not included in Fig. 5A . Instead an interaction can be drawn between bases 265-268 and 424-427 (see Fig.5A ), which is confirmed by CBC's in j[. cerevisiae cytoplasmic and mitochondrial RNAls.
HELIX 16 is undisputed and re-confirmed.
HELIX 17: The german/french version is confirmed by many CBC's in all organisms.
HELIX 18 is only in the german model (Fig. 4a) . Although some mis-matches occur, a short helix can always be formed (sometimes with one-or two-base slippage) here. Fig. 5A shows a preferred minimal version of this helix. Note however that the "switched" version of helix 3 (Fig. 7 , and see above) involves the same bases.
HELIX 19: The proximal 6 base pairs are undisputed and re-confirmed. The french version for the distal 4 pairs (Fig. 5A ) is confirmed by CBC's in S. cerevisiae and P. primaurelia mitochondria.
HELIX 20 is anomalous. In the german/french version bases 578-584 are paired with 805-811 (see Fig. 4b ). This structure shows CBC's in other organisms, including mammalian mitochondrial RNA (4), but only in one strand (see Fig. 7 for example). The american model on the other hand (HELIX 20*, Fig. 4b) pairs bases 579-585 with 1255-1261 (Fig. 7) , and other organisms have CBC's in both strands. This latter pairing can however only be formed in mammalian mitochondrial RNA at the expense of the highly conserved helix 40 (see below).
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HELIX 27 is undisputed and re-confirmed.
HELIX 28: The french version is preferred (Fig. 5B) , on the basis of CBC's in . cerevisiae and P. polycephalum cytoplasmic RNA's. S. cerevisiae mitochondrion on the other hand has a mis-matched pair in this version.
HELIX 29 is undisputed and re-confirmed.
HELIX 30 is undisputed and re-confirmed.
HELIX 31: The distal 7 base pairs (838-844/934-940) are undisputed and re--confirmed. The proximal region of this long loop is however rather variable, and difficult to describe universally in terms of CBC's. The preferred version shown in Fig. 5B is essentially the german version ( Fig. 4b ) with extra base pairs (848-850/928-930) from the american/french versions, but is by no means confirmed.
HE1IX 32 is undisputed and re-confirmed, although in addition to many CBC's an occasional mis-match is observed.
HELIX 33 was in all three models (4) (5) (6) , but without comparative evidence, as the primary sequence is generally highly conserved. The helix is now confirmed by CBC's in S_. cerevisiae and P_. polycephalum cytoplasmic RNA's. Figs. 4b, 5B). Fig. 6 shows a typical example of helices 34 and 35, in which a total of no less than 40 CBC's can be observed.
HELIX 36 is undisputed, and many CBC's are observed here, although mis-matches are also quite common (see Fig. 6 for example).
HELIX 37 is only in the german model, but is clearly confirmed by CBC's in S^. cerevisiae mitochondrion (see Fig. 6 ). In other species the sequence is in general conserved.
HELIX 38 is undisputed and re-confirmed, although the loop is of variable length in some species.
HELIX 39 is undisputed and re-confirmed, with the exception of the two extreme distal base pairs in the german/french versions (Fig. 4c) . These two is confirmed by CBC's in several organisms. This is particularly clear in jS. carlsbergensis (Fig. 6 ), (although it should be noted that in ref. 30 a different structure is proposed for this region of the yeast RNA, which is not superimposable on the E. coli structure).
HELIX 44* was one of two alternative proposals for this region in our original model (4) . No support for this interaction has been found, and it is not included in Fig. 5C .
HELIX 44: The modified version of helix 44 (Fig. 4c ), which we suggested as an alternative loop (4), is tentatively included in Fig. 5C . All organisms can form a similar loop here, but the region is very variable, and the loops cannot be described in terms of CBC's.
HELIX 45 is in all the models (4-6), but previously without confirmatory evidence as the primary sequence is highly conserved. This loop is now confirmed by CBC's in P_. polycephalum (Fig. 6) HELIX 55 is in all the models (4-6) but is not confirmed, as the primary sequence is totally conserved except for the residue corresponding to position 1778, which occasionally shows a mis-matching base change.
HELIX 56: The distal 8 base pairs are undisputed and re-confirmed, and the gennan/american version of the proximal 3 base pairs is confirmed by CBC's in all organisms.
HELIX 57 is in the french and american models, and is formed at the expense of the distal pairs of helices 58 and 61 in our model (Fig. 4d) . The french/ american version is confirmed by CBC's in many organisms, although an occasional mis-match or looped-out base is also observed, and we suggest that additional stabilization of the helix could be achieved by pairing bases 1834 -1836 with 1964 -1966 . These bases are however conserved in all organisms, except for rat mitochondrion (cf. helix 5 in 16S RNA).
HELIX 58: The distal 6 pairs ( HELIX 61: The distal 4 base pairs in the german version (Fig. 4d ) are removed to form helix 57 (see above), and the remaining 6 proximal pairs are undisputed and re-confirmed (see Fig. 6 for example).
HELIX 62: We have already pointed out (40) that we overlooked this helix in our original model (4) . The french/american version is shown in Fig. 4e , and is reconfirmed with the exception that the 2 proximal base pairs (both G-U in J^. coli) are mis-matched in several organisms, and are therefore omitted in HELIX 66 is undisputed and re-confirmed.
HELIX 67 is undisputed with the exception of 2 extra base pairs (2130-2131/ 2157-2158 (Fig. 4e) ) in the american version. The 8 proximal base pairs of the loop are however deleted in the more recently determined sequences, so that the pairing cannot be followed beyond positions 2128/2160. In Z^. mays the extra american pairs are both mis-matched (4), and are therefore not included in Fig. 5D . The remaining base pairs in this helix were already confirmed by the previous data.
HELIX 68: The 7 proximal base pairs are undisputed and re-confirmed. The german version, with extra base-pairs and one looped-out base, is confirmed for the distal portion of the helix by CBC's in several organisms. Eukaryotic cytoplasmic RNA's have a large insertion within or adjacent to this helix.
HELIX 69 is undisputed and re-confirmed.
HELIX 70 is undisputed and re-confirmed, although the helix is slightly longer in j^. cerevisiae, and P. polycephalum shows a one-base slippage.
HELIX 71 is undisputed and re-confirmed.
HELIX 72: The slightly different base-pairing scheme for the 7 proximal pairs in the french/american version is confirmed by CBC's in several organisms. In P_. primaurelia the loop is extended by 4 base pairs.
HELIX 73: The loop is in all the models (4) (5) (6) , but the data are contradictory. P_. primaurelia shows CBC's, whereas P_. polycephalum and ^. cerevisiae have mis-matches. The loop is tentatively retained in Fig. 5D .
HELIX 74 is undisputed and re-confirmed, sometimes with one-base slippage, with the exception that the proximal G-U pair (Fig. 4e ) has been removed from HELIX 75 is undisputed and re-confirmed, sometimes with one-base slippage.
HELIX 76 is undisputed, and can be drawn with many CBC's and an occasional mis-match in most organisms. The base-pairing appears to be somewhat different (with a four-base slippage) in eukaryotic cytoplasmic RNA's, but nevertheless can be regarded as confirmed for the 23S RNA.
HELIX 77 is undisputed and re-confirmed, although as an exception the 3 distal base-pairs (Fig. 5D ) are mis-matched in eukaryotic cytoplasmic RNA's.
HELICES 78-81: The structure in our model (4) (Fig. 5D) . The remainder of helix 79 is undisputed and re-confirmed (with the exception that the looped-out residue at position 2546 (Fig. 4e) is removed by a one-base slippage), and the proximal 7 base pairs of helix 81 are also undisputed and re-confirmed.
HELIX 82: The version in our original model (4) is not supported by the new sequence data. The french/american version (Fig. 5D ) is confirmed by CBC's in Z. mays and S. cerevisiae. As a result of introducing this interaction, helix 85* (Fig. 4f) disappears.
HELIX 83 is undisputed with the exception of the extra 2 proximal base pairs in the german model (Fig. 4f ). These pairs are preferred (Fig. 5D ) as they can be drawn in all organisms, sometimes with a one-base slippage. The remaining 7 base pairs of the helix are re-confirmed by many CBC's in all organisms.
HELIX 84: The modified base-pairing of the french version is confirmed by CBC's in several organisms, most strikingly in ¥_. primaurelia (see Fig. 6 ).
HELIX 85: The german/american version is confirmed by CBC's in j>. cerevisiae and ^. polycephalum, the extra distal base pairs in the french version (cf. HELIX 85* is not in Fig. 5D (see helix 82 above).
HELIX 86 is in all three models (4-6), but is not confirmed. It contains the junction between 23S RNA and 4.5S RNA in chloroplasts (4), and therefore cannot be described in terms of CBC's with respect to Z_. mays or IJ. tabacum. On the other hand we have been unable to correlate the other available sequences unambiguously with that of E_. coli in this region (or further towards the 3'-end), as a result of major insertions or deletions. The helix is nonetheless reasonable (cf. helix 10, Fig. 5A ), and is included in Fig. 5D .
HELICES 87, 88 are undisputed, and satisfactorily confirmed by the older data (4-6).
CONCLUSIONS
The secondary structure models presented here should serve two purposes.
Firstly, we hope that they will have largely resolved the confusion which has inevitably surrounded the publication of three similar but not identical models for these large molecules (1) (2) (3) (4) (5) (6) , all presented in different formats (cf. 8). Secondly, by objectively considering each model helix by helix in the light of the latest sequence data, the refined versions which we have occasionally occur in the comparing sequences, and it follows that mis-matching bases which are drawn as loop-outs in the E_. coli structure may in fact be incorporated in the helices (cf.42,43,8) . Occasional sequencing errors will also contribute to this problem, since it is inconceivable that in over 50,000 sequenced bases no errors have been incorporated.
The further application of the comparative sequencing approach to the solution of the 16S and 23S structures will now take on a role of diminishing importance, since most of the uncertainties in the models are in regions where the sequences are either too highly variable or too highly conserved for the approach to be useful. The next obvious step in our opinion will be to try to develop a first crude approximation to the three-dimensional topography of the molecules, by combining the secondary structures with experimental data obtained directly from the ribosomal subunits, such as intra-RNA cross-linking (40) or exposure to chemical modification (1, 6) . Such model-building studies are currently in progress in our laboratory.
